The hydrogen bonding between substituted adenines and thymine was investigated by density functional theory computations at the B3LYP/6-311+G(2d,2p) level. The effect of 20 different polar substituents at position 8 in adenine was examined in detail. Three different theoretical parameters, reflecting the electrostatics at the atoms involved in hydrogen bonding, were applied. An excellent correlation between electrostatic potentials at the bonding atoms in the monomer adenines and interaction energies was derived (Eqn. 2). It can be employed in designing bioactive adenine derivatives that are able to bind with a finely adjusted strength to thymine bioreceptor sites. NBO and Hirshfeld atomic charges are found to be less successful as reactivity predictors in these interactions.
INTRODUCTION
Hydrogen bonding [1] [2] [3] [4] plays a key role in various biological processes, including pairing of nucleobases [4, 6] , protein folding [7, 8] , enzyme catalysis [9, 10] , and other interactions in biosystems. Hydrogen bonding influences the solubility of biologically active ligands and the way they bind to bioreceptors [11] . Quantitative characterization of the ability of biological receptors (nitrogen bases in nucleic acids, amino acid units in proteins) to form hydrogen bonds is, therefore, of particular importance in the design of bioactive structures. Experimental and theoretical investigations on hydrogen bonding involving structural fragments of biopolymers are the subject of continuing interest [12] [13] [14] [15] . Literature data reveal that structurally modified DNA bases may possess substantial biological activity [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . For example, halogenated pyrimidines have been shown to possess well-expressed anti-tumor, anti-bacterial and anti-viral effects [20] . In the molecular design of drugs, substituted nucleic acids are used to enhance the stability of DNA pairs [21] . Analyzing in detail the influence of structural variations on biological activity can also provide information on the mechanisms of action of bioactive molecules.
Hobza et al. [22] [23] [24] applied high-level theoretical computations in evaluating the hydrogen bond interaction energies for pairs of DNA bases. Historically, hydrogen bonds were considered to be mostly electrostatic in nature [25] [26] [27] [28] [29] [30] [31] [32] . It has been shown, however, that a number of alternative quantum mechanical terms also contribute to the overall hydrogen bond energies. Thus, the overall interaction energy is a complex function of several terms: electrostatic, charge-transfer, dispersive, quantum exchange as well as smaller contributions from higher order terms [33] [34] [35] [36] [37] [38] . Bickelhaupt et al. [33, 34] showed that Watson-Crick base-pair interactions associated with the charge transfer from the free electron pair of O or N to NH σ* acceptor orbital of the other base is comparable in magnitude to the electrostatic interaction.
Kawahara et al. [21] , Bickelhaupt et al. [33] [34] [35] , and Meng et al. [40] [41] [42] examined by theoretical computations the effect of substituents on the hydrogen bonding of modified DNA base pairs. Bickelhaupt et al. [35, 39] investigated how the strength and length of hydrogen bonds is influenced by the introduction of F, Cl, and Br substituents at position 8 in the purine (Scheme 1) and at position 6 of the pyrimidine nucleobases. The same authors analyzed in particular [34] the impact of  substituents (NH, NH 2 , NH 3  + , O  -, OH, and OH 2  + ) at position 8 in the purine ring and in position 6 in the pyrimidine cycle on interaction energies for hydrogen-bonded complexes of substituted guanines with cytosine derivatives. Meng et al. [40] [41] [42] investigated the effect of CH 3 , CH 3 O, F, and NO 2 substituents on the adenine-thymine base pairing. Popelier et al. [43] examined by theoretical DFT computations at the B3LYP/6-311+G(2d,p) level the effects of 42 substituents on the interaction energy of the cytosine-guanine base pairs. They considered the influence of both electronwith drawing and electron-accepting substituents on positions 5 and 6 in cytosine. As expected, the presence of electron-accepting substitutuents leads to less stable base pairs with guanine. These authors established correlations between interaction energies and reactivity descriptors, derived from analysis of quantum chemical topology (QCTdescriptors). Later, the same authors [44] examined how the interaction energies between the same guanine-cytosine base pairs vary under the influence of substituents at position 8 of guanine.
In the present research, we apply alternative theoretical descriptors -electrostatic potential at nuclei (EPN) and atomic charges -in analyzing the relationships between structural variations in adenine and hydrogen bonding for the adeninethymine base pair.
COMPUTATIONAL DETAILS
Density functional theory (DFT) computations at the B3LYP/6-311+G (2d, 2p) level [45] [46] [47] for a set of 20 hydrogen-bonded adenine-thymine complexes, containing various substituents at position 8 of adenine were performed. All computations employed the Gaussian 09 program [48] . Optimized structures were verified to be minima of the potential energy surfaces with the aid of harmonic frequency computations. The interaction energies are corrected for basis set superposition error (BSSE) using the counterpoise method [49] .
The electrostatic potential at nuclei was first introduced by Wilson [50] . Politzer and Thruhlar [51] 
In this relationship, the singular term for nucleus Y is excluded. Z A is the charge of nucleus A at position R A , and ρ(r) is the electron density func-tion. Following the original findings [53] [54] [55] [56] [57] that EPN values define quantitatively the ability of molecules to form hydrogen bonds, the EPN index was extensively applied in describing both hydrogen bonding and chemical reactivity of various molecular systems [58] [59] [60] [61] [62] [63] [64] [65] . In a recent review, we surveyed the application of EPN in quantifying various molecular properties of aromatic systems [62] . In contrast to other theoretical parameters that characterize local molecular properties such as atomic charges, the electrostatic potential at nuclei is a rigorously defined quantum mechanical quantity. The 1/r dependence of EPN (Eqn. 1) determines considerably greater contributions to V Y of negative and positive charges in close vicinity of nucleus Y when compared with longer distance charge variations resulting from structural alterations [63] .
RESULTS AND DISCUSSION
As is known, hydrogen bonds in the adenine-thymine base pair are formed between the hydrogen atom from the amino group of adenine and the carbonyl oxygen atom of thymine, and between the N3-H hydrogen atom in thymine and the free electron pair at the N1 nitrogen atom in adenine (Scheme 1). We examined a set of 20 complexes of substituted at position 8 adenine derivatives with thymine (Scheme 1). In this research, we conducted quantum mechanical computations aiming at quantifying the effects of structural variations in adenine on the hydrogen bonding interaction (pairing) with thymine. As already discussed in the introductory section, derivatives of the nucleobases have been shown to possess biological activities and potential for clinical applications [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . It was also of interest to analyze the impact of structural changes on the geometries of the formed complexes. We focused on evaluating parameters describing the variations in electrostatic properties in the adenine moiety at the hydrogen bonding sites. In an earlier study, we demonstrated [57] by applying Morokuma energy decomposition analysis [29, [66] [67] [68] that the different quantum mechanical terms contributing to hydrogen bonding energies correlate almost perfectly with the electrostatic energy term. Thus, it is anticipated that parameters, characterizing molecular electrostatics, can be successfully employed in discussing the hydrogen bonding between nucleobases. Since the base pair complexes are formed at particular atomic centers in the molecules, quantities associated with properties of individual atomic sites are appropriate in examining these interactions. We evaluated with the aid of DFT computations three types of electronic parameters: natural bond orbital (NBO) charges [69] , Hirshfeld atomic charges [70] , and electrostatic potentials at the nuclei (EPN). It should here be underlined that, as expressed in Eqn. 1, the EPN values (V Y ) depend on both electron density and all positive nuclear charges in a molecule. Thus, variations in the nuclear charges of the distant substituent X may affect the V Y value at the hydrogen bonding sites. Nevertheless, the dominant contributions to V Y come from the immediate neighborhood of atom Y as result of the 1/r dependence in Eqn. 1. Since the atoms in the vicinity of N1 and N6 atoms in adenine remain the same throughout the investigated series (Scheme 1), it can be considered that the shifts of V Y (Y = N1, H6) upon the distant structural variations (at position C8) are dominated by electron density variations near atoms Y. Numerous successful application of EPN as a reactivity index for hydrogen bonding and chemical reactivity confirm the credibility of this hypothesis [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . Figure 1 illustrates key geometrical parameters of some optimized complexes. In Table 1 , the shifts of interaction energies (∆∆E) with respect to the unsubstituted adenine-thymine base pair (see footnotes to Table 1 ) are juxtaposed to the estimated lengths of the two formed hydrogen bonds. While the shifts of interaction energies between the different complexes as induced by the polar substituents at position 8 of adenine are rather small, the changes in hydrogen bond lengths are substantial. The variation of the N…H length reaches about 0.06 Å and the O…H hydrogen bond length varies within 0.04 Å. As expected, very good correlations between interaction energies and variations of hydrogen bond lengths are obtained. Figure 2 illustrates these dependences. Correlation coefficients for the relationships between ∆∆Е and the lengths of hydrogen bonds in the substituted adenine complexes with thymine. The principal focus in this research is to examine in detail the possible link between properties of monomeric ligands, in our case substituted at position 8 adenines, and hydrogen bonding energies of the formed complexes. Such relationship may facilitate the design of suitable bioactive ligands that would be able to bind to specific nucleic acid target sites. The thymine nucleobase in the present case has the role of a model bioreceptor. The introduction of substituents is an approach for fine-tuning the binding abilities of molecular ligands to the target bioreceptor sites. As mentioned, we evaluated three types of molecular parameters that are expected to quantify the reactivities of the substituted adenines in the studied interactions. In Table 2 we compare the estimated variations of interaction energies with the shifts of atomic electrostatic potentials (∆V H6 , ∆V N1 ) at the N6-H6 hydrogen and N1 nitrogen atoms in monomeric adenines, as well as the changes of NBO and Hirshfeld atomic charges at the binding atomic sites. The definitions of terms are provided in the footnotes below Table 2. As discussed, ΔΔE measures the effect of substituents at position 8 in Adenine on the energy of hydrogen-bonding. A negative value of ΔΔE means that the substituted complex is more stable than the unsubstituted base pair. Electrostatic potentials at nuclei for the monomeric adenines are obtained as standard option from Gaussian09 [48] . The shifts of EPN for the amino group hydrogen atom (Scheme 1) are given in column 3 of Table 1 . For easier interpretation, the variations of EPN under the influence of substituents are presented as shifts of EPN with respect the value in the parent adenine molecule. A good correlation between ΔΔE and ∆V H6 is found. Figure 2 illustrates the plot between these quantities.
Since the base pairing involves simultaneous formation of two hydrogen bonds, a more relevant dependence should involve the EPN values at both H6 and N1 atomic centers. The following twoparameter equation linking ∆∆E with ∆V H6 and ∆V N1 in the monomeric adenines is obtained:
The obtained high correlation coefficient (r = 0.993, Eqn. 2) shows that the interactions energies for the hydrogen bond formation of substituted adenines with thymine can be quantitatively predicted from theoretically evaluated EPN values for the participating atoms in the monomeric adenines. Eqn. 2 may be successfully applied in designing ligands that would bind with an appropriate strength to thymine bioreceptor sites. The same level of theory [B3LYP/6-311+G(2d,2p)] should certainly be applied in such theoretical modeling if Eq. 2 is applied.
The estimated atomic charges at the same atoms are much less successful in predicting the hydrogen bonding energies. While the correlations between ∆∆E and the shifts of atomic charges (against the values in the parent adenine) for H6 hydrogen are quite good for both Hirshfeld and NBO charges (see Figure 4 for the case of Hirshfeld atomic charges), no correlations with the N1 charges are established (see the correlation coefficients at the bottom of Table 2 ).
T a b l e 2

B3LYP/6-311+G(2d,2p) calculated values for the shifts of ∆E corr as induced by substituents at position 8 in adenine (∆∆Е, kcal/mol), shifts of EPN at the H6 hydrogen atom (∆V H6, kcal/mol) and at the N1 nitrogen atom (∆V N1 , kcal/mol) in adenine, and the shifts of Hirshfeld and NBO charges (∆q, in electrons)
а ∆∆Е(X), see Footnotes to Table 1 . The results reveal that the N-H frequencies in the monomeric adenines do not correlate with the interaction energies for the hydrogen bonding complexes. Thus, the abilities of adinine to participate in such interaction cannot be well predicted using the values of N-H frequencies in isolated monomers. The application of theoretical quantities, especially the V H6 EPN values, offers much more reliable description of reactivity.
In accordance with the rule of Badger and Bauer [71] a linear dependence between the energy of hydrogen bonding and N 6 -H 6 stretching frequency in the hydrogen-bonded adenine-thymine complexes is established (correlation coefficient, r = 0.985). The shifts of N-H frequencies upon com-plexation are intrinsically related to interactions energies, in contrast to the respective values in the isolated monomers.
The obtained good correlation between electrostatic potentials at the atoms participating in hydrogen bonding between substituted adenines and thymine provides an approach for designing biologically active substances containing the adenine moiety. As is well known, hydrogen bonding is one of the main mechanisms of ligand-bioreceptor interactions. Small changes in the structure of ligands may be essential for their biological activity.
CONCLUSIONS
Density functional theory computations on the hydrogen bonding between adenine derivatives and thymine reveal an excellent correlation between interactions energies and electrostatic potential values at the bonding atoms. The derived equation (Eqn. 2) can be employed in structure-activity studies aimed at designing ligands able to bind with a finely adjusted strength to thymine bioreceptors. Alternative quantities (atomic charges, variations in N-H stretching frequencies in the monomer adenines) are much less successful as predictors of reactivities for hydrogen bonding between these nucleobases.
